The crystal structure of the decanucleotide d(CGCAATTGCG)2 has been solved by a combination of molecular replacement and heavy-atom procedures and has been refined to an R factor of 20.2% at 2.7 A. It is not a fully base-paired duplex but has a central core of eight WatsonCrick base pairs flanked by unpaired terminal guanosines and cytosines. These participate in hydrogen-bonding arrangements with adjacent decamer duplexes in the crystal lattice. The unpaired guanosines are bound in the G+C regions of duplex minor grooves. The cytosines have relatively high mobility, even though they are constrained to be in one region where they are involved in base-paired triplets with G-C base pairs. The 5'-AATT sequence in the duplex region has a narrow minor groove, providing further confirmation of the sequence-dependent nature of groove width.
The crystal structures of many B-DNA oligonucleotide duplexes have now been determined (1) (2) (3) . These can be divided into two principal classes: (i) duplexes (the overwhelming majority) with Watson-Crick hydrogen-bonding arrangements for G-C and A-T base pairs and (ii) duplexes with base-pair mismatches such as A-G, G-G, and G-T. Such mismatches are invariably accommodated within double-helical structures (4, 5) . Fully base-paired helices have also been observed to be the norm in protein-DNA complexes, even when the DNA is highly perturbed from a standard B form. The sole exceptions reported to date are (i) DNA structures with a looped-out region by virtue of insertion of nonpairing bases (6, 7) and (ii) the structure of the Hha I methyltransferase-d(TGATAGfl5C-GCTATC), where the 5-fluorocytosine base is swung out of the DNA helix into the enzyme active site (8) . A Z-DNA hexamer crystal structure has been reported (9) in which the first cytosine of each duplex is swung out, forming a WatsonCrick base pair with a guanine in a symmetry-related duplex.
The first crystal structure of a B-DNA oligonucleotide to be determined (10) was that of the self-complementary dodecanucleotide d(CGCGAATTCGCG)2. This showed features of sequence-dependent structure such as a narrow minor groove in the 5'-AATT region and high propeller twist for the A-T base pairs. These have been observed in other dodecanucleotide crystal structures (11) , such as that of d(CGTGAATT-CACG)2 (12, 13) , and are unlikely to be due to the influence of crystal packing forces. The crystal structures of both of the decamer duplex sequences d(CCATTAATGG)2 (14) and d(C-GATTAATCG)2 (15) show narrow minor grooves and high propeller twists for most of the A-T base pairs; however, the alternating sequence d(CGATATATCG)2 (16) does not have these features. We have determined the crystal structure of the self-complementary decamer d(CGCAATTGCG)2, which has close sequence analogy to the original dodecanucleotide structure (10) . This provides an independent structural assessment of the sequence-dependent features of short runs of A-T base pairs. The decamer has B-DNA duplex geometry for its central eight base pairs, but with an unprecedented arrangement of unpaired bases at the 5' and 3' termini. Instead of being within the central helix of the duplex, these nonpaired bases interact with symmetry-related decamer molecules to form an unusual quasi four-stranded arrangement at the junctions between them. The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
METHODS
and coplanar with the G2-C9 base pair of an adjacent duplex in the crystal lattice. Nucleoside G10 was also observed to be flipped out from the duplex and positioned close to the same adjacent duplex in the lattice. Further rounds of simulated annealing, followed by positional and B-factor refinement with X-PLOR and manual model building into electron density, reduced theR factor to 29% for data in the range 8-2.5 A. Forty The position of the iodine atom was found (i) from a difference Patterson map using (Fiodine -Fnative)2 terms as coefficients, with coordinates of 0.457, 0.082, 0.398, and (ii) from a difference Fourier map using the iododecamer reflection data and the refined native decamer model, with coordinates of 0.463, 0.083, 0.400; a large 10cr difference density was observed in the difference map 2.3 A from the carbon-5 atom of cytosine C3. Both determinations thus showed the iodine atom to be located adjacent to the cytosine C3 residue. This unequivocally confirmed that the overall position of the decamer in the unit cell, as found by the molecular replacement solution, was correct. The positions of individual residues, especially of the terminal residues cytosine Cl and guanosine G10, were separately confirmed by a series of omit maps omitting specific nucleotides (Fig. 1) , which showed residues to be in positions seen in the earlier Fourier maps.
Final refinement was carried out in the resolution range 8-2.7 A with the X-PLOR and NUCLSQ (19) programs and an updated set of parameters for DNA (20) with the 3'-phosphorus atoms being 4.5 A apart, whereas the 5' ends are 17.8 A apart: the P ... P separation for the 3' and 5' ends of each duplex is also 17.8 A.
At the junction (Fig. 3) , the two G2-C9 base pairs of adjacent duplexes are partially stacked on each other with a rise of 3.5 A. The twofold symmetry relationship between them produces an arrangement distinctive from that in a continuous helix, with a pseudo helix twist angle between the two G2 C9 base pairs of 760. The plane of the 5'-end cytosine base (Cl) of one asymmetric unit single strand is parallel to each G2 C9 base pair of the neighboring duplex. Cl forms a hydrogen-bonded base triplet with it, so that the two adjacent C1lG2 C9 triplets involve bases from all four strands. The 3'-end guanine base (G10) and backbone lie in the minor groove of this next duplex, analogous to the adjacent-duplex packing of the 3'-terminal guanine observed in the B-DNA dodecamer crystal structures that crystallize in the space group P212121.
Guanine Minor Groove Binding. The G10 guanosine is oriented in the minor groove of the adjacent duplex, in its G+ C terminal region, so that its (Watson-Crick) minor groove edge is inwards-facing (Fig. 4 Top and Middle). Atoms N2 and N3 are hydrogen-bonded to the edge of the guanine G2 of the adjacent duplex, forming a symmetric pair of N2 ... N3 hydrogen bonds (3.1 A). There are four more hydrogen-bonded contacts between the G10 nucleoside and other symmetryrelated residues on both strands of this duplex in which G10 nests. These involve atoms from bases, phosphodiester backbone, and deoxyribose sugars, with two 04' deoxyribose sugar ring atoms acting as hydrogen-bond acceptors. That of cytosine C3 from this adjacent duplex plays an important role, hydrogen bonding to the inner-face N2 of G10 (3.0 A). The other 04' participating in hydrogen bonding is from G10 itself, interacting with N2 of guanine G2 (3.1 A), strengthening the overall interaction between G10 and G2. The 03' of G10 hydrogen bonds to N2 of guanine G8 from the opposite strand of this adjacent duplex (2.5 A). Thus, the overall arrangement has each G10 interacting with elements of both GC base pairs at the ends of the duplex helix.
The minor groove width in the region of the G10 minor groove insertion is 7.1 A. decamer is also similar to that observed for the 3'-terminal guanine base in the dodecamers, both being at an angle of -45°t o the average plane of the base pairs in the helical region of the duplexes. The conformation of each of the nucleoside residues within the decamer is qualitatively similar to that found for averaged B-DNA from single crystal or fiber diffraction studies ( Table  1) . The torsion angles a and -y in residues C3 and T6 are in the g+, g-rather than g-, g+ range, demonstrating the correlations often described for these two torsion angles. It is surprising that the values for the flipped-out nucleoside G10 are so normal. The other nonpaired residue, Cl, does not adopt an extrahelical conformation and is parallel to other bases in the strand.
The ClG2 C9 Base Triplet. The cytosine Cl base has somewhat higher mobility than other bases in the structure, with an average temperature factor of 30.0 A2. This mobility is somewhat restricted in that the cytosine must always be adjacent to both bases in the G2 C9 base pair of a symmetryrelated duplex. Cytosine Cl occupies an unusually large amount of free space and is not stacked with any bases from adjacent molecules-it is held in position solely by hydrogen bonding. We suggest that this lack of stacking is a major contributor to its higher-than-average mobility. The electron density for cytosine Cl shows it to be in a coplanar position with the G2-C9 base pair and thus is always in a position to form a base triplet. We have ascertained that at least two other plausible hydrogen-bonding schemes are possible alternatives to the one described below, merely by altering the Cl backbone conformation. Even though significant density was not seen for these triplets, they may well be minor populations and thus also contribute to the mobility of Cl.
In the major-occupancy position described here cytosine Cl forms a pair of hydrogen bonds with this base pair (Fig. 4 Bottom) involving 06(G) N4(C) and N4(C) N3(C) interactions-i.e., one each with the cytosine and guanine base in a reverse-Hoogsteen arrangement. The Cl cytosine has a standard anti conformation around the glycosidic bond. The 3' ' backbone orientation for this cytosine is parallel to the cytosine C9 strand direction in the Watson-Crick base pair component of the triplet and thus is antiparallel to the strand orientation for the decamer containing guanosine G2.
Conserved Features in the B-DNA Duplex Region. The eight base pair region of the decamer forms a regular B-DNA helix. Analysis of the central AT tract shows a high conservation of the sequence-dependent structural features that were originally observed in the crystal structure of the dodecamer d(CGCGAATTCGCG)2 (10), with high A-T base pair propellor twists and a narrow minor groove (Fig. 5 ) in both structures. The average propellor twist for the two crystallographically independent A T base pairs in the decamer is 130 compared with 30 for the G-C ones. Beyond this A-T region, the minor groove width expands rapidly to accommodate the helix-helix junction. The particular features of the junction affect base pair parameters for only the two C-G base pairs at each end of the DNA sequence. Most change occurs in the C3-G8 base pair propellor twist, buckle, and roll parameters rather than those of the G2-C9 one.
DISCUSSION
This structure has two distinctive features: (i) a non-basepaired guanosine bound by a symmetrical pair of hydrogen bonds to a base-paired guanosine in the G-C region of the duplex minor groove, analogous to classic A T-selective minorgroove drugs; and (ii) the first observation in a crystal structure to our knowledge of a C-G-C hydrogen-bonded base triplet in
DNA.
The similarity of the position adopted by guanosine G10 to that of the terminal base-paired guanine in dodecamer crystal structures (even though they retain base-pairing at their termini) suggests that this is a generally favored arrangement for packing duplexes together that have the terminal sequence 5'-CGC .... A similar arrangement has been observed (7) in the crystal structure of the looped-out oligonucleotide d(CG-CAGAATTCGCG) for the packing of the terminal guanosine into the minor groove of the adjacent helix in the crystal lattice. The packing here presumably confers an energetic advantage in the crystal over a purely end-to-end continuous helixstacking motif [as observed in several other decamer crystal structures (22) ]. The mechanism for disrupting the terminal CG base pair is presumably initiated by this packing of the G10 group, which provides sufficient hydrogen bonding and other interactions in the minor groove to separate a potential Cl-G1O base pair. The Cl and G10 bases are then free to form other arrangements with adjacent molecules. The structure, in a distinct crystal packing arrangement compared to dodecanucleotides, thus provides unequivocal support for the concept of sequence-dependent DNA structural features that are independent of crystal lattice factors. The interactions of drugs such as netropsin, Hoechst 33258, and pentamidine with stretches of A-T base pairs in oligonucleotides have been well characterized by a number of crystallographic studies (for example, refs. [23] [24] [25] [26] . These drug molecules typically have narrow cross sections with planar aromatic or heterocyclic rings, which are stabilized by close van der Waals contacts with the narrow minor groove in an A-T sequence. More recently, sequence-selective minor groove binding in (presumed to be wider) GC regions has been found for series of peptide-like molecules that have been designed as dimers (27) (28) (29) . The present structure suggests that appropriately designed nucleotide units could also act as G-C-selective minor-groove ligands.
The triplet arrangement observed here is very similar to the C-GC triplet proposed for the intermediate in homologous recombination, with three DNA strands being in close proximity when exchange then occurs between them (30) (31) (32) . This hydrogen-bonding scheme is of a type that has not been previously observed in DNA structures to our knowledge.
[Intermolecular G-G-C triplets have been reported in an A-DNA decamer (33) .] In contrast, the C+-G-C triplet postulated in classic inter-and intramolecular DNA triple helices (34) (35) (36) has the (protonated) cytosine in the pyrimidine third strand running antiparallel to the strand carrying the cytosines, and thus parallel to the purines (i.e., guanosines), and has hydrogen bonding via N3 and N4 solely to 06 and N7 of the guanine and not to the Watson-Crick cytosine; this triplet does not sit astride both bases of the G-C base pair as is the case in the triplet arrangement here.
This structure demonstrates that DNA duplexes with appropriate terminal sequences can pack end-to-end with the effective loss of two base pairs per duplex by forming favorable if unexpected extra-helical base ... base arrangements. One possible consequence of such a junction at the site of doublestranded breaks, for example, would be that subsequent resealing of strands would not necessarily incorporate the extrahelical nucleotides. In any case, the bulged regions at the junctions could themselves be likely targets for nuclease attack.
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